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We have performed Electron Spin Resonance measurements on single crystals of the doped spin- 
Peierls compounds CuGei-ySiyOs and Cui-^^M^GeOs with M = Zn, Mg, Ni {x,y < 0.1). The first 
part of our experiments was performed in the paramagnetic and spin-Peierls phases at 9.5, 95 and 
190 GHz. All non-magnetic impurities (Si, Zn and Mg) were found to hardly affect the position and 
linewidth of the single line resonance, in spite of the moment formation due to the broken chains. 
In contrast to Si, Zn and Mg-doping, the presence of Ni (S — 1) at low concentration induces a 
spectacular shift towards high fields of the ESR line (up to 40% for x=0.002), together with a large 
broadening. This shift is strictly proportional to the ratio of Ni to Cu susceptibilities: Hence it 
is strongly enhanced below the spin-Peierls transition. We interpret this shift and the broadening 
as due to the exchange field induced by the Ni ions onto the strongly exchange coupled Cu spins. 
Second, the antiferromagnetic resonance was investigated in Ni-doped samples. The frequency vs 
magnetic field relation of the resonance is well explained by the classical theory with orthorhombic 
anisotropy, with g values remarkably reduced, in accordance with the study of the spin-Peierls 
and paramagnetic phases. The easy, second-easy, and hard axes are found to be a, c, and b axes, 
respectively. These results, which are dominated by the single ion anisotropy of Ni^"*" , are discussed 
in comparison with those in the Zn- and Si-doped CuGeOs. 



I. INTRODUCTION 

The quasi-one dimensional compound CuGeOa is the 
first inoraanic system exhibiting a spin-Peierls (SP) 
transitional. It has been extensively studied since large 
single crystals are available, which allows to perform var- 
ious kinds of experiments. The magnetic structure of 
CuGeOa is as follows: the spin correlations are antiferro- 
magnetic along the b and c axes and ferromagnetic along 
the a-axis. Below Tsp — 14.3 K, the S = ^ Heisen- 
berg antiferromagnetic (AF) chains, running along the 
c-axis, become dimerized and an energy gap A = 2 
meV opens between the singlet ground state and the 
first excited triplet states. The SP transition is evi- 
denced by a kink at Tsp in the magnetic susceptibility 



and is clearly revealed by X-ray and neutron scattering. 
A unique feature of this compound is that the effect 
of impurities can be studied by substitHting impurity 
ions (Zn, Mg and Ni) for the Cu sitesETEl and Si for 
the Ge sitesu. These substitutions all induce a strong 
decrease of Tgp and the appearance at lower tempera- 
ture (T < Tjv < Tsp) of a three-dimensional AF phase. 
The most intriguing feature in the impurity effects is 
the coexistence below T/v of the SP state and the long- 
range AF ordcjEiJift, which was extensively studied both 
experimentallyll3'U and theoreticallyta. Magnetization 
measurements performed in Cui_2;Ma;Ge03 (with M = 
Zn, Mg, Ni) and CuGei-ySiyOa single crystals have re- 
vealed the existence of a universal Temperature - Dop- 
ing concentration phase diagram with a scaling factor 
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X = The spin-Peierls temperature shows a hn- 

ear decrease as the doping level increases, following the 
relation Tsp{x,y) /Tspifi) = 1 - ISx = 1 - 44y, while 
the Neel temperature increases linearly from at low 
doping levels up to a broad maximum around 4.5 K for 
a; = ~ 0.04 and then gradually decreases. Thus, dop- 
ing on the Ge site by Si impurities (spin 0) is three times 
more efficient than doping on the Cu site, either by mag- 
netic (Ni: spin 1) or non-magnetic (Zn, Mg) impurities. 
For all non-magnetjC|| irnp ii|iat:ies, the easy axis in the AF 
phase is the c-axiaj^BlljIij llZl. However, some deviations 
from this universal behavior are noted in the case of Ni 
concerning the AF|-^hase. Indeed, the Tm(x) curve for 
Ni is slightly lowenld and the-aasy axis was found to be 
the a-axis frgm susceptibilityli3't3 and neutron scattering 
experimentaJ. 

Electron spin resonance (ESR) studies of the para- 
magnetic and spin-Peierls ph|ases-.have been performed 
by diffei:ent, laiithors in pureEjEj, Si-, and Zn-doped 
CuGeOallj'U'Ba, and the antiferromagnetic respnaace has 
also been studied for these two substitutionsEj^EZl. But 
very little has been done using the ESR technique p. 
Ni-doped CuGeOs, besides the work of Glazkov et al.Ea 
where a large number of parameters is needed for the 
interpretation. 

The first aim of this paper is to make a comparative 
ESR study of Cui-^M^GeOs (with M = Zn, Mg, Ni) 
and CuGci-ySiyOa compounds, to find out if the uni- 
versal character of the Temperature-Concentration phase 
diagram holds also for ESR, especially when compar- 
ing non-magnetic and magnetic impurities. Extensive 
ESR measurements were performed in the paramagnetic 
and spin-Peierls phases on high quality single crystals, 
for various doping levels. The results obtained in the 
non-magnetic impurity doped compounds are briefly pre- 
sented and those obtained in Ni-doped CuGeOa are fo- 
cused on. For the latter, our results on the ESR line shift 
are analyzed in detail and a model is proposed to explain 
the observed effect. 

The second aim of this paper is to study the antiferro- 
magnetic resonance (AFMR) in Ni-doped CuGeOa sam- 
ples, and to compare the results with those obtained in 
the case of non-magnetic impurities. ESR is indeed a 
crucial technique to study the magnetic anisotropy at a 
microscopic level. In both studies (ESR and AFMR), Ni 
substitution is shown to produce different effects on the 
spin resonance of CuGeOa, as compared to the case of 
non-magnetic impurities. 

II. EXPERIMENTAL SET UP 

The CuGei„j;Siy03 (y = 0, 0.002, 0.007, 0.0085, 0.015, 
0.06, 0.085) and Cui^^M^GeOg (M = Zn with x = 0.016, 
0.039, 0.01; M = Mg with x = 0.01, 0.03, 0.05; M = 
Ni with X = 0.002, 0.0085, 0.02, 0.03, 0.04) single crys- 
tals used in this study were grown from the melt under 



oxygen atmosphere using a floating zone method associ- 
ated with an image furnace. All samples were then an- 
alyzed using Inductively Coupled Plasma Atomic Emis- 
sion Spectroscopy (ICP/AES). The doping levels that are 
reported here are thus the effective ones derived from the 
ICP/AES analysis, which are usually slightly lower than 
the nominal concentration. 

The ESR measurements were performed between 4 and 
300 K in all single crystals on a standard X-band spec- 
trometer (Bruker ESP 300E), operating at a frequency 
/ ~ 9.5 GHz and in a field range ±1.6 T. With this ap- 
paratus, the measured signal is the field derivative of the 
absorption. The crystal of typical mass 5 to 10 mg can be 
mounted onto the sample holder in order that the mag- 
netic field lies either in the (a, h) or in the (a, c) plane. 
Because of the huge broadening of the ESR line induced 
by Ni-doping, further measurements were performed on a 
home-made high field spectrometer. These experiments 
were crucial to interpret the observed phenomena. The 
measurements were performed between 4 and 250 K at 
frequencies 95 and 190 GHz, with the field parallel to 
the c-axis. The sample size was about 4x8x8 mm^, 
corresponding to a mass of more than 500 mg. With 
this spectrometer, the measured ESR signal is the field 
derivative of a combination of the dispersion and absorp- 
tion. The AFMR measurements were performed on two 
Cui_j;Nia;Ge03 single crystals, with x — 0.03 and 0.04, 
in the frequency ranges of 9, 20, 35, and 50 GHz and a 
temperature of 1.8 K [i.e. below Tjv). The dimension of 
the crystals used in these experiments is about 3x3x2 
mm'^. We used an X-band spectrometer (JOEL-JES- 
RE3X) for the experiments around 9 GHz and a home- 
made spectrometer for higher frequencies. For the latter, 
microwaves are generated from two klystrons at 20 and 
50 GHz and from a Gunn-oscillator at 35 GHz, the mag- 
netic field {B) being produced by a 20 T superconducting 
magnet from Oxford Instruments. The magnetic suscep- 
tibility measurements in the Ni-doped samples are also 
presented in this paper (for the other compounds, see Ref. 
p^ ): they were performed on a home-made SQUID mag- 
netometer operating in the temperature range 1.8 — 300 
K and in the magnetic field range — 8 T. 

III. ESR IN CuGeOs DOPED WITH 
NON-MAGNETIC IMPURITIES 

The temperature dependence of the magnetic suscep- 
tibility was first measured in all the samples whose ESR 
study is presented here (see Ref. |2^ for Si-doping and 
Rcf. ^ for Si, Zn and Mg-doping). We present briefiy 
in this section the ESR results obtained in the case of 
non-magnetic impurities and discuss the linewidth, the 
shift, and the integrated intensity of the resonance line. 

A wide series of CuGeOa samples doped with non- 
magnetic impurities Si, Zn, and Mg (see the list in sec. 
U) and a sample of pure CuGeOa were investigated. In 
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all Si-, Zn- and Mg-doped CuGeOs compounds, a single 
lorentzian derivative ESR line was observed at X-band 
between 5 and 300 K along the three crystallographic 
axes, as for pure CuGeOa. 



Cu Zn GeO 

0.984 0.016 3 













susceplibiliiy 




3 ESR 




1000 



2000 



3000 4000 
B (Gauss) 



5000 



6000 



FIG. 



1. ESR spectra obtained at X-band, with B\\b, in 
Guo.984Zno.oi6Ge03, above and below the SP temperature. 
The inset illustrates the temperature dependence of the 
(twice) integrated ESR intensity as compared to that of the 
static susceptibility. 



Figure |l| shows examples of spectra obtained in a 1.6% 
Zn-doped sample for B\\b^ i.e. for the field perpendicular 
to the chain axis, and at different temperatures, above 
and below Tsp = 10.4 K. In all these samples and along 
the three crystallographic directions, the linewidth AB 
and its temperature dependence were found Jx) be iden- 
tical to those of pure CuGeOs above 15 KEZI, but not 
below: AB{T) depends on the Neel and SP tempera- 
tures, which vary with the doping level. As can be seen 
in Fig. |l|, a 1% shift of the ESR line is observed only below 
Tsp. The same result was found in all CuGeOa samples 
doped with non-magnetic impurities and also in the pure 
compound: The g values remain constant down to 10- 
15 K and become shifted at lower temperature by less 
than 2%. The sign of the shift depends on the field ori- 
entation and on the substituent, which agrees well with 
the results of Hase et alE3 obtained on pure, Zn- and 
Si-doped CuGeOs. For pure and Si-doped CuGeOs, the 
g-factor is found to increase along b and to decrease along 
a and c, as temperature decreases. For Zn- and Mg-doped 
CuGeOa the opposite behavior is observed for the three 
crystallographic directions. 

The inset of Figure ^ shows the variation with tem- 
perature of the ESR (twice) integrated intensity Iesr 
as compared to that of the static susceptibility, in the 
1.6% Zn-doped CuGeOa sample. Since both curves can 
be superimposed, we infer that ESR at X-band can- 
not distinguish between triplet spins (spin-Peierls con- 
tribution) andrSpins freed by impurities (Curie- Weiss 
contribution)ll3'E£l. We will come back to this point in 



CuGeOa (up to 5% Zn) on powder samples at high field 
(between 100 and 400 GHz) by Hassan et al.EJ yields 
results qualitatively different from the previous investi- 
gations at lower frequency (see Ref. ^,|6| and present 
work). In Ref. 
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the appearance of two distinct powder 
pattern ESR spectra is interpreted as a separate contri- 
bution from the excited spin-Peierls triplet and the Zn- 
induced moments. Motivated by this apparent paradox, 
we have investigated the ESR in the paramagnetic phase 
of a single crystal of CuGeOa : 5% Zn at 95 GHz and 5 
K. Contrary to Ref. we observe for all field directions 
in the (a, b) plane a single resonance line varying from 
ga =2.145 to gb =2.240, in accordance with our X-band 
measurements. Thus, we are forced to conclude that the 
additional ESR powder pattern observed by Hassan et 
al.Eil is somehow linked to the powdered nature of the 
investigated samples. 



IV. MAGNETIC SUSCEPTIBILITY IN Ni-DOPED 

CuGeOg 

Figure |2| shows the temperature dependence of the 
magnetic susceptibility measured in pure CuGeOa and 
in Cui_2:Nia;Ge03 samples in the 1.8-300 K temperature 
range (Fig. |b) and below 30 K (Fig. |a). 




Sec. V B . A similar investigation carried out on Zn-doped 
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FIG. 2. Temperature dependence of the magnetic suscep- 
tibility measured in Cui-^^NiajGeOa samples in a 1 kGauss 
field applied along the a-axis (easy axis) for < a; < 0.052 
and along the three crystallographic axes for x = 0.06. The 
inset of figure (b) displays the (T, x) phase diagram obtained 
from these measurements. 
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The data from Figure clearly show the decrease of 
the SP transition (which is visible up to a; = 0.03) and 
the occurrence of the AF transition at lower temperature, 
with a being the easy axis. Indeed, the susceptibility 
measured with the external field along the a-axis shows 
a peak, around 3 K for x = 0.06 (see solid line), while the 
susceptibilities measured with the external field along the 
b and c axes further increase below 3 K with decreasing 
temperature (see dash and dash-dot lines). The Ni^+ ion, 
with S" = 1, is considered to participate to the long-range 
magnetic ordering since the magnitude of the Curie tail 
is one order of magnitude smaller than expected from 6% 
Ni free spins, indicating that the interaction between the 
Cu^+ and Ni^+ ions is relatively large. The (T, x) phase 
diagram shown in the inset of Fig. ^b was obtained from 
these measurements. The values of the spin-Peierls and 
Neel temperatures (when they exist) are given in Table 
H For X = 0.002, the susceptibility measurement was 
performed only down to T = 1.8 K, so that the Neel 
temperature (expected to be smaller than the 0.6 K value 
obtained for x = 0.0085) could not be determined. 

Figure 1^ illustrates the large effect of Ni-doping on the 
global susceptiblity curve, due to the magnetic nature of 
the Ni^+ ion. Indeed, the susceptibility increases more 
and more between 300 and 20 K as the Ni concentration 
increases. Interestingly, the susceptibilities along the a 
and b axes become smaller than the one along c below 
~ 50 K. This anomalous temperature depejjideiijce was 
not observed in Si- and Zn-doped CuGeOsEiy'Ea. This 
could originate from the single ion anisotropy of Ni^+ ions 
DS'^ with z along the direction of the distorted oxygen 
octahedron in the (a, b) plane, as clearly observed with 
Mn^+ (Ref. This will be further discussed in the 

AFMR results presented in Sec. VI. 

The temperature dependence of the susceptibility 
could be analyzed in the paramagnetic phase (T > 20 
K) by a crude model of Cu-Ni pairs, neglecting in a first 
step the single ion anisotropy of Ni^+, yielding an esti- 
mate ot-the Ni-Cu antiferromagnetic exchange coupling 
of 25 KI13. This value is to be compared to the strongest 
Cu-Cu coupling, Jc = 120 — 180 K along the c-axis. The 
susceptibility data from Figure ^ will be used later on to 
explain the ESR results. 



TABLE I. Spin-Peierls and Neel temperatures (when they 
exist) for the pure and Ni-doped CuGeOa samples. 



Tsp (K) 



Tn (K) 





0.002 

0.0085 

0.02 

0.03 

0.04 

0.052 

0.06 



14.25 
13.8 
12.55 
10.3 



< 1.8 
0.6 
2 
3 

3.8 

3.25 

2.9 



V. ESR IN Ni-DOPED CuGeOa 

A. Experimental results 

The Ni-doped CuGeOa samples were investigated at 
X-band along the three crystallographic directions and 
at high frequency along the c-axis. Figure |3| shows typi- 
cal ESR spectra obtained in Cuo.998Nio.oo2Ge03 {Tsp = 
13.8 K) at X-band along the c-axis at T = 100, 12 
and 4 K. Figure || shows ESR spectra obtained in 
Cuo.ggisNio.oossGeOa {Tsp = 12.55 K) at 95 GHz along 
the c-axis at T = 100, 11 and 7 K. In all Ni-doped com- 
pounds, a single lorentzian derivative ESR line was again 
observed but its linewidth AB and resonance field Bres 
behave in a completely different way. Qualitatively, as 
compared to Fig. n for 1.6% Zn-doping, one notices im- 
mediately on Fig. I for 0.2% Ni-doping (X-band) and 
Fig. I for 0.85% (95 GHz) that a ~ 5% shift towards 
high field is already visible in the spectra at 12 and 11 K 
respectively, compared to those at 100 K. This shift in- 
creases to reach 24% at 7 K (Fig. ||) and 36% at 4 K (Fig. 
^) which is much larger than the ~ 1% shift measured in 
Fig. ^ Moreover, one notes the large broadening induced 
by Ni-doping: the spectrum measured at 100 K for 0.2% 
Ni-doping (see Fig. |) is about three times broader than 
for 1.6% Zn-doping (see Fig. ^ or pure CuGeOs. This 
large broadening justifies the use of higher frequencies for 
further studies of the Ni-doped CuGeOa samples. 
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FIG. 3. ESR spectra obtained in X-band, with B\\c, in 
Cuo.998Nio.oo2Ge03, above and below the SP temperature. 
The figure shows the huge broadening of the ESR line on 
each side of Tsp and the increasing shift towards high fields 
as T decreases. 



The spectra obtained in X-band (/ — 9.5 GHz) corre- 
spond to the field derivative of the absorption x" while 
those obtained in the millimetric domain (/ — 95 and 
190 GHz) correspond to the field derivative of a combi- 
nation of the absorption x" and dispersion x' ■ In order 
to check the lorentzian profile and to extract precisely 
the integrated intensity (meaningfuU at X band only), 
the linewidth, and the resonance field for each measured 
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spectrum, the data obtained in the X and miUimetric 
domains were fitted to the relation: 



measured by SQUID has thus to be compared with the 
following ratio: 
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FIG. 4. ESR spectra obtained at 95 GHz, with B\\c, in 
Cuo.ggisNio.oossGeOa, above and below the SP temperature. 
Note the large broadening on each side of Tsp and the in- 
creasing shift towards high fields as T decreases. The solid 
lines are the best Lorentzian fits to the experimental data 
(see Eq. (0)), and the dash lines point out the position of the 
resonance field at each temperature, obtained from the fit. 



where So{B) is a linear function in B accounting for the 
base line, a is the phase (equal to zero at X band), 
(B) and x'{B) are Lorentzian shape centered at the 
resonance field Bres, with an integrated intensity Iesr 
and a Lorentzian linewidth AB^°'^™*^ The "peak to 
peak" linewidth AB of the ESR spectra is given by 
AB = i^AB^°''™*"^. Figure I illustrates the very good 
quality of the fits to Eq. (|l]) of a few ESR spectra mea- 
sured in Cuo.ggisNio.oossGeOa at 95 GHz for three differ- 
ent temperatures. Typical precisions are less than 1% on 
the determination of AB and less than 0.01% for Bres, 
the precision on the phase a (in the case of the miUimet- 
ric range) being always better than 1°. 



1. Integrated intensity at X band 

In the case of X band, the ESR integrated intensity can 
be compared to the static susceptibility measured with 
the SQUID magnetometer. ESR spectra were measured 
in three Cui_2,Nij,Ge03 samples. For x — 0.002, the ESR 
line could be followed between 4 and 300 K, but due to 
the very large broadening induced by Ni-doping, the ESR 
line could be followed only up to 30 K for a; = 0.0085 
and up to 20 K for x = 0.02. All spectra measured 
for X = 0.002 were analyzed using Eq. (|l]) with a = 
and So{B) = and the ESR (twice) integrated intensity 
Iesr was obtained for each temperature. Due to the 
strong lineshift induced by Ni-doping, the resonance field 
must be taken into account and the static susceptibility 



I'esr = Iesr 



_Bo 



(2) 



where Bq is the resonance field of pure CuGeOs measured 
at the same frequency and along the same direction (i.e. 
corresponding to = 2.05 in the present case where 
B\\c). Note that in the case of non-magnetic impurities, 
the static susceptibility was directly compared to Iesr. 
since the resonance field varied by less than 2% on the 
whole tenrperature range. 

Fi gure |5| displays the temperature dependence of Ij^gj^ 
(right scale) compared to the macroscopic susceptibility 
vs temperature x{T) in the same sample {x = 0.002) 
and in pure CuGeOa (left scale), in a logarithmic scale. 
The SQUID measurements were performed in a 0.1 T 
magnetic field applied along the c-axis while the ESR 
measurements were performed in a sweeping field from 
to 6600 G applied along the same axis. By adjusting the 
x{T) and I'esr^I^) curves at high temperature, one can 
note that the ESR integrated intensity follows better the 
susceptibility of the pure sample than that of the 0.2% 
Ni-doped sample. This results leads one to suggest that 
the ESR signal would originate only from the Cu^+ spins 
of CuGeOa while the Ni^+ spins would not participate to 
this resonance linel23. 
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FIG. 5. Temperature dependence of the static susceptibil- 
ity (SQUID) measured with B = 0.1 T |[ c in pure and 0.2% 
Ni-doped GuGeOs (left scale) compared to the susceptibility 
derived from the ESR measurements (J'bsr ~ Iesr-Bq/ Bres) 
in the same Ni-doped sample and with B\\c (right scale), on 
a logarithmic T scale. I'esr{T) fits better with the static 
susceptibility of pure CuGeOa. 



To check this assumption, the same comparison was 
performed for a higher Ni-doped sample {x = 0.02). Here 
again, the static susceptibility vs temperature curves of 
Cuo.98Nio.o2Ge03 and pure CuGeOs are compared with 
the Iesr^I") curve derived from the ESR measurements 
in the same Ni-doped sample. For an easier comparison, 
the susceptibility data were normalized at 20 K (by di- 
viding for each temperature x(2^) by x{T = 20 K)= X20) 
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and all the curves are plotted as a function of the reduced 
temperature T/Tsp, with Tsp = 14.25 K for a; = and 
Tsp = 10.3 K for a; = 0.02 (see Fig. |). Indeed, for such a 
high Ni-doping level, the spin-Peierls temperatures and 
the absolute value of the static susceptibility are quite 
different from the pure sample (see Fig. ^ja). By normal- 
izing the susceptibility and ESR data at 20 K, one can 
notice that the I'^gp curve lies in between the normalized 
susceptibilities of pure and Ni-doped CuGeOa. 
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FIG. 6. Static susceptibility (SQUID) measured with 
B = 0.1 T II c in pure {Tsp = 14.25 K) and 2% Ni-doped 
CuGeOa {Tsp = 10.3 K), normalized at 20 K (left scale), 
compared to the susceptibility derived from the ESR mea- 
surements {I'esr) in Ihe same Ni-doped sample and with _B||c 
(right scale), as a function of the reduced temperature T/Tsp. 
The dash line (left scale) represents the SP contribution to the 
global susceptibility of 2% Ni-doped CuGeOs arising from the 
model described in Ref. |l^ (see text). 



Since it was shownt^lE^ that the amplitude of the SP 
order parameter (expressed by the fraction Ksp) is re- 
duced in presence of doping (by Ni, Zn, Mg, Si), we 
have analyzed our data accordingly. In particular, for 
Cui_2,Nia;GeCb, with x — 0.02, Ksp was found to be 
equal to 0.465Ej, i.e. only approximately one half of the 
Cu spins are able to dimerize so that the decrease of x(T) 
is much smaller than for pure CuGeOs. Moreover, the 
decrease of the energy gap upon doping further amplifies 
this effect. Thus, our ESR intensity data have to be com- 
pared with this (reduced) SP contribution instead of that 
of the full susceptibility of pure CuGeOs. The dash line 
from Fig. |6| shows the temperature dependence of this SP 
contribution (divided by the Cuo.98Nio.o2Ge03 suscepti- 
bility at 20 K) normalized at T/Tsp — 1 with the curve 
of the pure sample. One can note the good agreement 
between this curve and the Ipgp data. This analysis fur- 
ther supports the idea that the ESR signal only comes 
from the Cu^+ spins. We will come back to t hese r esults 
when discussing the lineshift results (see Sec. VB). The 



same study has been performed for a magnetic field ap- 
plied along the a-axis and the results were found to be 
similar. 



2. Linewidth 

Besides the large ESR shift, the other main qualita- 
tive effect of Ni-doping is a very large broadening of the 
ESR Hue as compared to pure CuGeOa. This is fur- 
ther contrasted by the linewidth data of CuGfljOs doped 
by the non-magnetic impurities Zn, Mg or Sic3. In Fig. 
|7|a, the low temperature linewidth data are presented at 
X band for pure CuGeOs and various Ni-doping levels. 
It appears that above Tsp and up to about 40 K, the 
linewidth increases linearly with temperature and is ap- 
proximately proportional to the Ni concentration at a 
rate of AB/a; ~ 1000 G/%Ni for T = 20 K and a slope 
AB/{x.T) - 100 G.K-V%Ni. 
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FIG. 7. Temperature dependence of the ESR linewidth 
measured with i3||c in pure and Ni-doped CuGeOs for various 
concentrations: a) Low temperature part at X band; b) High 
temperature part at X band and higher frequencies. Note the 
plateau above 50 K for 0.2 and 0.85% Ni. 

However, as shown in Fig. |^, contrary to the pure 
CuGeOa linewidth data, where the linear temperature 
dependence extends almost up to room temperature (see 
also Ref. |l9|,|ot), the Ni-doped CuGeOa ESR hnewidth 
reaches a plateau above 50 K independent of both the 
temperature and the magnetic field. This plateau is pro- 
portional to the Ni concentration at a rate ABpiateau/x ~ 
4600 G/%Ni. At temperatures lower than Tsp, a tem- 
perature behavior much closer to that of pure CuGeOa is 
observed with a comparable rate of broadening (see Fig. 
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but now strongly increasing with field (see Fig. ^). 
Whereas we cannot account at present for the tempera- 
ture dependence of the linewidth , the order of magnitude 
of ABpiateau IS discusscd in Sec. 



3. Lineshift along the c-axis 

We now focus on the ESR lineshift 5B = Bj-es — Bq, 
measured for B\\c, B^es being the resonance field of 
the studied sample and Bq the resonance field of pure 
CuGeOs (corresponding to gc = 2.05) measured at the 
same frequency. The aim of the following analysis is to 
study the field (or frequency) , concentration and temper- 
ature dependence of the shift in order to derive experi- 
mentally an expression of SB{f, x, T). 
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FIG. 8. (a) Frequency dependence of the ESR lineshift 
SB = Bre.s — Bo measured in Cui-^Nii^GeOs at two given 
temperatures, (b) Evolution with the nickel concentration of 
the relative lineshift measured at two different temperatures 
in four Gui-^NijjGeOa single crystals. These two figures es- 
tablish the proportionality (a) between the lineshift and the 
frequency at given temperature and Ni concentration, and (b) 
between the relative shift and the Ni concentration, at a given 
temperature (see solid lines). 



Figure ||a shows the frequency dependence of the 
lineshift measured for two different samples, 0.85 and 2% 
Ni-doped CuGeOa, and two different temperatures. This 
figure shows that the shift is proportional to the working 
frequency (see solid lines) and thus to Bq, which proves 
that it is a genuine "g-shift". This shift increases with x 
and T~^. To study the concentration and temperature 
dependences, we will thus now refer to the frequency- 
independant relative shift 6B/Ba. Figure pp shows the 



Ni concentration dependence of 6B / Bq at two given tem- 
peratures, T = 20 and 50 K (data from various frequen- 
cies were combined together to obtain this figure). For 
both temperatures, the relative shift is proportional to 
the Ni concentration, up to 3% (see solid lines). At this 
stage, we thus have the relation: 



[x,T)^C{T).x 

^0 



(3) 



All our experimental results about the lineshift are 
gathered in Figure ^ using the above relation, i.e. the 
relative lineshift normalized to the Ni concentration 
6B/{100x.Bo) is plotted as a function of the reduced tem- 
perature T/Tsp{x). This figure shows the good agree- 
ment of relation (||) with our data. All the experimental 
points are roughly on a unique curve C(T), at least above 
Tsp. Below the spin-Peierls temperature, the temper- 
ature dependence of SB/Bq depends on the Ni-doping 
level. Indeed, the data at 9.5 and 95 GHz are well 
superimposed down to 0.7 Tsp for both samples with 
X — 0.0085 and x — 0.02, but the increase at lower tem- 
perature is stronger as the Ni concentration decreases 
(see inset of Fig. ph. 
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FIG. 9. Relative lineshift SB/Bq normalized by the Ni con- 
centration (divided by lOOx) as a function of the reduced 
temperature T/Tsp{x) for all studied Ni-doped CuGeOs sam- 
ples (various concentrations at various frequencies) . The inset 
shows the low temperature part. 



Thus, in order to study in detail the temperature de- 
pendence of the shift, we consider separately the param- 
agnetic (P) and SP phases. The temperature dependence 
of the relative shift in the 0.85% Ni-doped sample is il- 
lustrated for two different frequencies in Figures ^ for 
T >TsP and |ll|a for T < Tsp. Between 300 and 20 K, 
SB/Bo increases up to 4% (see Fig. px|a) and its temper- 
ature dependence behaves like the nickel susceptibility 
XNi{T) (see Fig. ^0|b). The latter has been derived by 
subtracting the susceptibility of pure CuGeOs to that of 
the Ni-doped sample (both presented in Fig. ^). The 
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inset of Figure |lOp shows that 6B{T)/Bq is strictly pro- 
portional to XNi(T) in the P phase. 
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300 



FIG. 10. Temperature dependence in the paramagnetic 
phase of (a) the relative ESR lineshift and (b) the static sus- 
ceptibility of the Ni ions, measured in Cuo.ggisNio.oossGeOa. 
The inset of Fig. |lo| b illustrates the relative ESR lineshift as 
a function of the Ni susceptibility, at each temperature. 



K at 9.5 and 190 GHz (see Fig. |l]a). This tempera- 
ture corresponds to the SP transition, thus this behav- 
ior is mainly related to the dimerization of the Cu ions 
into S = states. Figure |ll|b illustrates the temper- 
ature dependence of the inverse of the Cu-dimers sus- 
ceptibility (spin-Peierls contribution in the triplet state 
5 = 1) XCuiT), which was obtained by subtracting a 
Curie- Weiss contributipji (coming from the Ni ions) to 
the total susceptibilitytJ. As can be seen in the inset of 
Figure [nib, SB{T)/Bo{T) varies linearly with l/xcu{T). 
This analysis of the data leads to the following relation 
for the relative shift: 



SB xmiT) 
— (x, 1 ) OC X. -— 

Bo^ ' ' XCu{T) 



(4) 



For the same reason as for the integrated intensities 
(decrease of the fraction Kgp when x increases), this for- 
mula is indeed consistent with the inset of Fig. ^ where 
the relative shift below Tsp shows a fourfold increase as 
the Ni doping level decreases from 0.85% to 0.2%. 



4- Anisotropy of the lineshift 

The anisotropy of the lineshift has also been carefully 
studied at X-band in the 0.2% Ni-doped compound at 4 
K, in the (a, c) and (a, b) planes (see Fig. |l2|). 
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FIG. 11. Temperature dependence in the spin-Peierls 
phase of (a) the relative ESR lineshift and (b) the in- 
verse static susceptibility of the Cu dimers, measured in 
Cuo.ggisNio.oossGeOa. The inset of Fig. |l^ illustrates the 
relative ESR lineshift as a function of the inverse Cu suscep- 
tibility, at each temperature. 



Concerning the low temperature part, one can no- 
tice a strong enhancement of the line shift below 12.5 
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FIG. 12. Anisotropy of the ESR lineshift in the (a, c) and 
(a, b) planes measured in X-band, at T = 4 K in 0.2% 
Ni-doped CuGeOs . The open squares correspond to the afore 
mentioned ESR line and the open circles to the new line that 
appears in the (a, b) plane. 
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The shift SB was found to be very anisotropic in both 
planes and a second, less intense, resonance line was ob- 
served in the (a, b) plane. In the (a, c) plane, the shift is 
maximum along c (~ 1400 Gauss) and minimum along 
b (~ 600 Gauss), following SB{a) — SBac + SBanis cos a 
with 6Bac — 950 and SBanis — 420 Gauss. In the (a, b) 
plane, the shift is minimum and equivalent along the 
a and b axes while a maximum shift (2200 Gauss) is 
found at /3 ~ 45° (where j3 is the angle between the 
applied magnetic field and the a-axis) possibly reflecting 
the anisotropy of the Cu to the Ni site coupling. Note 
that the anisotropy of the lineshift along the crystal axes 
follows that of the static susceptibility (see Fig. |^b for 
the 6% Ni-doped CuGeOs sample). 



B. Resonance Model 

The model used to interpret the ESR data of CuGeOa 
doped with Ni at very low concentrations is constrained 
by the above mentioned experimental observations which 
we briefly recall: 

i- At all temperatures, along the a, b, and c direc- 
tions, only one Lorentzian shaped (except at the lowest 
temperature) ESR line is observed, above and below the 
spin-Peierls transition, which we attribute to the param- 
agnetic Cu^"*" spins above Tgp and to the excited triplet 
Cu^"*" spins below Tsp- 

ii- No resonance consistent with Ni^+ in a distorted 
octahedral site is observed in the temperature range 4 < 
T < 300 K, neither at 9.5 GHz nor up to 190 GHz and 
10 Tesla. 

iii- The ESR integrated intensity, normalized to the 
resonance field, does not scale with the static suscepti- 
bility measured in the same Ni-doped sample, but only to 
the proportion of Cu spins being in the SP triplet state, 
which supports i-. 

iv- The width of the Cu^+ resonance strongly increases 
with the Ni concentration (at a rate of 0.1 Tesla/% Ni at 
20 K). 

V- A resonance shift of the Cu^+ line towards higher 
fields, proportional to the concentration of the Ni^+ ions, 
is observed, above and below the spin-Pcicrls transition. 
This shift is proportional to the Ni ions susceptibility and 
inversely proportional to the Cu ions susceptibility. This 
shift thus becomes particularly noticeable below the SP 
transition. The shift is anisotropic, being roughly twice 
as large for the c-direction as for the a and b directions, 
which are about equivalent: it appears then that this 
shift is not related to the gr— factor anisotropy of the pure 
CuGeOa system {ga = 2.15, gt = 2.26, gc = 2.05). 

A very detailed investigation of a two coupled param- 
agnetic spins system, present in RbMnFa doped with Ni, 
Co or Fe, has been performed by GuUey and JaccarinoEj. 
For 1 to 5% Ni-doping, contrary to the present work, no 
discernable linewidth broadening together with a small 
f;-shift of 0.5% are observed. This situation was quan- 



titatively analyzed in terms of very strongly exchange- 
coupled Ni and Mn spins. This is clearly not the case 
for CuGeOa : Ni but does apply to the case of CuGeOa 
: Zn, Mg or Si. Indeed, in addition to the absence of 
broadening and to the 1% g-shift, the fact that the ESR 
integrated intensity fits well the static susceptibility con- 
stitutes a compelling evidence for the strong coupling be- 
tween the bulk Cu^+ spins and the Cu^+ spins induced 
by the non magnetic impurities. 

The model used for our interpretation is an extension 
of Kittel's analysis for the ferrimagnetic resonance shift 
in the presence of strongly relaxing rare earth dopantsEa. 
Indeed the couphng Jc ~ 120 — 180 K otthc Cu^+ spins 
along each of the two (non equivalents) ID chains of 
CuGeOa is strong enough to ensure a single, exchange- 
narrowed mode in presence of an antiferromagnetic cou- 
pling Jj\j (induced on its two Cu'^^ first nearest neigh- 
bors) by a Ni^"*" S = 1 spin. In order to account for our 
observation of a single resonance line, we are forced to as- 
sume that (i) either the relaxation rate of the Ni^+ spin is 
sufficiently large, compared to Jn, to decouple the Ni^+ 
spins from the precession of the Cu^^ spins or that (ii) 
this decoupling occurs through a sufficiently large zero- 
field splitting removing the Ni^+ resonance away from 
the Cu^+ resonance. In that case, we can modelize the 
spin dynamics of CuGe03:Ni by two coupled Bloch-like 
equations, one for the tightly coupled together Cu^+ spin 
system (magnetization M) and one for the fast relaxing 
Ni^"*" spins (magnetization N). For sake of simplicity we 
will assume that the gyromagnetic ratio jcu — iNi = 7 
so that the decoupling occurs only through the relaxation 
rate of the Ni^+ spins. The coupled equations are then 
written with the notation: T^J the Cu spin-lattice relax- 
ation rate, T^^ the Ni spin-lattice relaxation rate, Tmn 
and TjsiM the Cu/Ni spin-spin cross relaxation rates be- 
tween Cu and Ni (related by Tmn/Tnm = N°/M°, i.e. 
the ratip-iof the equilibrium magnetizations, by detailed 
balanced) . 



— = 7M X (i? + AiV) - 
at 

dN ^ ^ ^ 

=-/N X (H + AM) - 
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(5) 
(6) 



Solving for the transverse components as usual leads 
to the determinant: 



Q.N Atv 
Aa/ r^A/ 



(7) 



with 
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= OJ — UJq 
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(8) 


^N 


= UJ — UJq 


- iT-^ - 

^-^Nl 


Ajv 


(9) 


A A/ 


= jXM° - 


^ ''■'^NM 




(10) 


Xn 


= 7AA^" -} 


' ^"^MN 




(11) 



9 



where luq is the unshifteji,resonance frequency. In the 
Umit of Tj^l ~* oo we getEfl: 

^-c.o = A7iV° + ^(^,7]^ + ^M}) (12) 

This yields indeed a Cu^+ resonance shifted to higher 
fields if A < i.e. an antiferromagnetic coupling from 
Ni^+ to Cu^+ , and proportional to the Ni^+ static mag- 
netization N^. However, a major difference appears be- 
tween our CuGeOaiNi model and Kittel's two sublattice 
model. In the classical sublattice spin dynamics the cou- 
pling constant A represents the exchange energy density, 
through —XMj^.Mb, meaning that every spin A is cou- 
pled to every spin B. In our case, we want to specify 
that the Ni spin is coupled to its two first nearest neigh- 
bors Cu^+ by Jn and that the effective coupling A is the 
resulting average of the Cu-Ni exchange Jn among the 
Cu^+ spins (tightly coupled through Jc). This average 
coupling A occurs however only from those Cu^+ spins 
which are not condensed into singlets 5* = below the 
spin Peierls transition. Writing that the exchange energy 
density is identical in both descriptions yields: 

2Jn 1 



A 



?i2^2 (1 _ nsp)Af 



(13) 



where ngp is the fraction of condensed singlets spins i.e. 
the spin-Peierls order parameter and Af is the number of 
Cu ions per unit volume. The shift is then given by: 



2Jn 



— ijJQ = ^^-r, T-r? (14) 

(1 - nsp)N ^ ' 

Thus, Eq.(p^ indeed predicts the observed dependence 
for the lincshift (see Eq.(^). The merit of this formula- 
tion is that we use the same argument above and below 
Tsp. The above equation can be rewritten (in the P 
phase) in terms of our measured quantities to yield Jjq 
by: 



SB/Bo 



(15) 



The term between brackets is depicted in the inset of 
Fig. |l^b. We find Jat = 75 ± 10 K where the error is 
estimated from the spread of the data at various x and 
frequencies. This value for Jjv was checked to be quite 
consistent with the weak coupling approximation. How- 
ever this value is three times larger than the one obtained 
above (§IV) from the fit to the static susceptibility. We 
think that the value of Jjv derived from the ESR data 
is closer to the truth since the zero field splitting of the 
Ni^+ ion was not incorporated in the susceptibility anal- 
ysis: This parameter is a priori not required in the ESR 
model since Ni^+ is considered as "non resonant". 

As concerns the linewidth, a direct application of the 
weak coupling exchange broadening calculated by GuUey 
and Jaccarino (equation (2.12) from Ref. ^l]) with J = 
Jc ~ 150 K and J' = Jat ~ 75 K yields a temperature 
independant broadening of 8000 G/% Ni, to be compared 
with 4600 G/% Ni observed between 50 and 300K. 



VI. ANTIFERROMAGNETIC RESONANCE IN 
Ni-DOPED CuGeOs 

Typical AFMR signals measured in the x = 0.04 sam- 
ple at 1.8 K in a field applied along the a, 6, and c axes are 
shown in Fig. |l^. Five ESR lines were observed at 21.87 
GHz for B\\a. The lines at 0.3, 1.2 and 1.5 T correspond 
to AFMR lines. The line at 0.75 T originates from a 
standard DPPH (l,l-diphenyl-2-picrylhydrazyl) sample. 
The line at 0.7 T probably corresponds to an Electron 
Paramagnetic Resonance (EPR) signal from the sample. 
For and B\\c, one ESR line, which corresponds to 
an AFMR signal, was observed around 47.5 GHz. The 
EPR signal which was observed along the a-axis in the 
AF ordered state was not observed for these two fieM 
directiongSa. This is consistent with the recent theorjtS 
which predicts the existence of an EPR signal even in the 
ordered phase when the external field is applied parallel 
to the easy axis. 
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FIG. 13. Typical ESR signals in a single crystal of 
Cuo.96Nio.o4Ge03 at 1.8 K for the three crystallographic ori- 
entations. 
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From the AFMR results, we can identify the easy, 
second-easy, and hard axes as the a, c, and b axes, respec- 
tively, as will be shown below. The angular dependence 
of the resonance fields at X band was also measured. Res- 
onance points around 0.9 T show a minimum when the 
field is parallel to the a-axis. From this result we con- 
firmed that the spins point along the a-axis within an 
experimental error of ~ 2°, which had not clearly been 
determined by the susceptibilitytS and the neutron scat- 
tering measurementsQ. We also performed AFMR mea- 
surements in the x — 0.03 sample at T = 1.8 K. The 
AFMR signals are less clear mainly due to the lower T/v. 
However, it was found that the magnetic anisotropy is 
the same as in the x — 0.04 sample. 

Figure |lj shows the frequency vs magnetic-field plot 
of the resonance points at 1.8 K. Here, the angular fre- 
quency (uj) is divided by 7 = (/ie: Bohr mag- 
neton, h: Planck's constant) to express it in magnetic 
field units and B is scaled by the g value for the respec- 
tive field directions. The g values we used are, ga — 1.72, 
gi, = 1.80, and g^ = 1.65, which are 80% of the g val- 
ues in pure CuGeOa and are also consistent with those 
obtained from the ESR measurements at 5 K. 
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FIG. 14. The frequency vs magnetic-field diagram of the 
resonance points at 1.8 K in a Cuo.g6Nio.o4Ge03 single crys- 
tal. Closed circles, open triangles, and open circles denote 
experimental data and solid, dash-dotted, and dotted curves 
are theoretical ones for _B||a,b, and c, respectively. 



TABLE II. Observed Ci, C2, and a in CuGeOs doped with 
Si, Zn, and Ni. 



impurity 


Tiv (K) 


Ci (T^) 


C2 (T^) 


Q 


Si 

Zn (4%)" 


4.8 


1.3±0.1 


3.8±0.2 


0.78±0.06 


4.2 


0.89 


2.1 


0.85 


Ni (4%) 


4.0 


0.85 


1.2 


0.90 



"Ref. 
''Ref. |l| 



The data were analyzed with the AFMR theory 
for a two-sttblattice antiferromagnet with orthorhopihiG. 
anisotropyEZl. This theory was used in analyzing Zn-lla't£l 
and Si-doped samplestZI, and is conveniently reviewed in 
Ref. BSl We obtained the parameters Ci{—2AKi) = 
0.85 CP), C2{^2AK2) - 1.2 (T^), and a(-l - x\\/x±) 
— 0.90, where A, Ki {i = 1 and 2), f^^d x± are 
the molecular field coefficient, the anisotropy constants, 
the susceptibilities along the easy axis and perpendic- 
ular to it, respectively. The lines in Fig. |lj are fits 
with the classical AFMR theory. The parameter a ob- 
tained with AFMR. pijeasurements is similar j-tp those in 
Cuo.96Zno.o4Ge03Ba and CuGeo.gs 

Sio.o2 03E-] as shown 
in Table || but is much larger than that obtained from the 
magnetic susceptibility measurements (a 0.35). The 
susceptibility parallel to the a-axis of Cuo.96Nio.o4Ge03 
does not go to zero with decreasing temperature below 
T/v as shown in Fig. |^a. This is quite different from what 
a classical theory of antiferromagnctism predicts for x\\ ■ 
We found that the measured Xa can be interpreted as 
a sum of a paramagnetic susceptibility which obeys the 
Curie law and an antiferromagnetic one. The amount of 
the paramagnetic "centers" is estimated to be about 1% 
of the total spins assuming S = ^ and g = 2.1. The an- 
tiferromagnetic susceptibility decreases with decreasing 
temperature more rapidly than Xa, thus giving a larger 
value for a. 

We now discuss the origin of the magnetic anisotropy 
in Ni-doped CuGeOs. In order to explain this, we con- 
sider three terms; single ion anisotropy (Esi), dipole- 
dipole (Ed), and anisotropic exchange {Eae) energies. 
Moriya and Yosida discussed theoretically the origin of 
the anisotropy in CuCl2-2H20.E3 They considered both 
of Eu and Eae terms (note that no Esi term is possible 
for Cu^+ spin). They estimated \Ed\'^ 10"'' cm~Vion 
and I^abH 10 cm^^/ion, respectively. Although the 
crystal structure of CuGeOs is different from that of 
CuCl2-2H20, we expect that the value of Ed in CuGeOa 
is not very much different from the one given above. For 
Eae in CuGeOa, we estimate a ten times larger value, be- 
cause the exchange interaction is about ten times larger 
than for CuCl2-2H20. On the other hand, \Esi\^ 1 
cm" -i/ion for Ni2+ (Ref. |^) so that even a small amount 
of doping will change drastically the anisotropy of the 
system. The g value and the single ion anisotropy con- 
stant, D, for Ni^"*" in an axially distorted octahedral envi- 
ronment are related to the spin-orbit coupling and to the 
crystal field levels. In the well documented case jof trig- 
onal elongation of the octahedron, as in CsNiFsEl, this 
distorsion leads to Z? > (and gj^(Ni)> g||(Ni)). In con- 
trast, in the case of CuGeOs, one expects aa elongation 
to yield D < similar to the Tutton saltfO and hence 
give rise to an easy local axis. Here, we denote the single 
ion anisotropy term as DS^. 

The easy axis for Ni^"*" spin in CuGeOs lies in the ab 
plane and is directed alternately when one moves from 
one site to the other along the 6-axis. Because of the 
antiferromagnetic interaction, the spins will point either 
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close to the a-axis or the 6-axis with antiferromagnetic 
arrangement along the 6-axis, the former being favoured 
by Eu- Thus, the mean easy axis is the a-axis. Then the 
easy and second easy axes in Zn- and Si-doped samples 
are interchanged in the Ni-doped sample. 

The Ci and C2 values for various impurity-doped 
CuGeOa are summarized in Table ||. Ci and C2 cor- 
respond to the geometric mean of the exchange field and 
anisotropy fields along the second-easy and the hard axes, 
respectively. It is noted that the two parameters are very 
close in the Ni-doped sample. The parameter C2 is re- 
lated to the anisotropy when one rotates the magnetic 
moments from the c to 6 axes in CuGeOaiZn and from 
the a to 6 axes in CuGeOaiNi. In the Zn-doped sample, 
one loses both of Ejj and Eae for this rotation, while 
in the Ni-doped sample, E]j and a part of Eae are lost 
(Eae in the ab plane is less anisotropic because ga and 
gb are nearly equal). So, C2 in the Ni-doped sample is 
smaller than that in the Zn-doped sample. Consequently, 
Ci and C2 become closer in the CuGeOsiNi sample. 



ceptibilities of doped spin-Peierls compounds is still an 
open question. 
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VII. CONCLUSION 

We have presented in this paper a systematic study of 
the spin resonance properties of CuGeOa in the paramag- 
netic, spin-Peierls and antiferromagnetic regimes, when 
doped with Ni, and compared these new results with pre- 
viously obtained ESR data on CuGeOa doped with non- 
magnetic impurities such as Zn, Mg or Si. The main 
conclusions that we are able to draw are the following: 

1- Whereas the investigation of the static susceptibility 
of doped CuGeOa enables us to define a universal behav- 
ior, in the proper reduced units, for the appearance of the 
paramagnetic, spin-Peierls and antiferromagnetic phases 
in the Temperature-Concentration diagram, at least two 
different regimes exist as concern the ESR properties, 
depending whether the doping atom is magnetic or not. 

2- In the case of non-magnetic doping, the resulting 
Cu^"*" moments responsible for the Curie tail observed 
below the spin-Peierls temperature Tsp are in strong cou- 
pling regime with the spin-Peierls excited triplet, result- 
ing in an unshifted ESR line and a c-direction easy axis 
in the AFMR analysis. 

3- In presence of doping with S — 1 Ni^+, a weak 
coupling is found from the analysis of the measured large 
shift of the Cu^+ ESR, both in the paramagnetic and the 
spin-Peierls regimes. 

4- However, in order to account for the AFMR a-easy 
axis in the latter case, one has to assume that the Ni^+ 
ions do participate to the AFMR mode. The origin of 
the anisotropy in that case is the single ion anisotropy 
of the Ni^+ rather than the anisotropic exchange present 
for pure and (non- magnetic) doped CuGeOa. 

5- Although each of these different regimes can be con- 
sistently parameterized in a quantitative way, a general 
description of the dynamics of the transverse spin sus- 
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